Background and Aims: Parenterally-administered lipid emulsion (LE) is a key cause of enterocyte apoptosis under total parenteral nutrition, yet the pathogenesis has not been fully understood. CUGBP, Elav-like family member 1 (CELF1) has been recently identified as a crucial modulator of apoptosis, and thus this study sought to investigate its role in the LE-induced apoptosis in vitro. Methods: Caco-2 cells were used as an in vitro model. The cells were treated with varying LEs derived from soybean oil, olive oil or fish oil, and changes in the apoptosis and CELF1 expression were assessed. Rescue study was performed using transient knockdown of CELF1 with specific siRNA prior to LE treatment. Regulation of CELF1 by LE treatment was studied using quantitative real-time PCR and Western blotting. Results: All the LEs upregulated CELF1expression and induced apoptosis, but only olive oil-supplemented lipid emulsion (OOLE)-induced apoptosis was attenuated by depletion of CELF1. Up-regulation of apoptosis-inducing factor (AIF) was involved in OOLE-induced CELF1 dependent apoptosis. The protein expression of CELF1 was up-regulated by OOLE in a dose-and time-dependent manner, but the mRNA expression of CELF1 was unchanged. Analysis by polysomal profiling and nascent protein synthesis revealed that the regulation of CELF1 by OOLE treatment was mediated by directly accelerating its protein translation. Conclusion: OOLE-induces apoptosis in Caco-2 cells partially through up-regulation of CELF1.
Introduction
Total parenteral nutrition (TPN) provides all nutrition intravenously for those patients who are unable to tolerate enteral nutrition (EN). Despite its advantages, there is a substantial body of evidence that TPN leads to intestinal atrophy partially due to increased Cell treatment Experimental LEs were derived from commercial products as follows: SOLE (Lipofundin LCT/MCT, 20%, Baxter Healthcare, China), OOLE (Clinoleic, 20%, Baxter Healthcare, China), FOLE (Omegaven, 10%, Fresenius Kabi, China). Caco-2 cells were exposed to 1% OOLE, 1% SOLE or 2% FOLE for 48 hours to test the effect of varying LEs on the expression of CELF1 and cell apoptosis. The concentration of FOLE was set at 2% because it was derived from Omegaven which contains half the amount of fatty acids in Lipofundin and Clinoleic. Cells were exposed to various concentrations of OOLE (0.2%, 0.5%, and 1% vol/vol dissolved in culture medium) for 1-48 hours to test the effect of OOLE dose and OOLE incubation time on CELF1 expression. In some experiments, treatment with cycloheximide (CHX, at 25 μg/ml) and tumor necrosis factor α (TNFα, at 20 ng/ml) for 6 hours was set as a positive control for caspase-dependent apoptosis.
Apoptosis assessment
Apoptosis was quantified by flow cytometry using the FITC-Annexin V apoptosis detection kit according to the manufacturer's instructions. Briefly, cells were collected, washed with PBS, and resuspended in cold binding buffer. After incubation for 15 min in the dark at 4 °C, cells were stained with FITC-Annexin V (final concentration, 1 μg/ml) and PI (final concentration, 5 μg/ml). Stained cells were analyzed with a FACSCalibur flow cytometer (BD Biosciences, USA). A total 1x10 4 cells were analyzed per sample.
Quantitative real-time PCR
Total RNA was extracted from Caco-2 cells using Trizol isolation method (life technology, USA). The sequences of primers used in this study were as follows: human CELF1: 5'-TCCTGCCGTTTGTTCATCGTT-3' (forward) and 5'-TTTCCCCTTCAGCAGTCGTTC-3' (reverse); human GAPDH: 5'-TATTGTTGCCATCAATGACCC -3' (forward) and 5'-ACTCCACGACGTACTCAGC-3' (reverse). Quantitative real-time PCR and data analysis were performed using PIKO96 (Thermo, Germany).
Western blot analysis
Cells were washed twice with PBS and lysed on ice for 30 minutes in 100 μl of RIPA buffer. Protein concentrations were determined using a BCA protein assay kit (Thermo, USA). Aliquots of the lysates (30 μg of protein) were loaded and immunodetection was performed with enhanced chemiluminescence detection system (GE Healthcare, USA).
Immunofluorescence staining Cells were fixed in 4% formaldehyde at room temperature for 15 min, and permeabilized with 0.2% Triton-X100 in PBS for 15 minutes. After blocking, cells were incubated with antibodies against CELF1 and E-cadherin at 4 °C overnight, followed by incubation with Alexa Fluor 488 or Alexa Fluor 594 conjugated secondary antibodies for 1 h at room temperature. Immunostaining were observed on a Leica DMI6000B fluorescence microscopy with LAS AF LITE image processing software (Leica, Germany).
Protein stability assay
Cells were treated with CHX (0.1 mg/ml) for 0, 2, 4 and 8 hours. The protein abundance of CELF1 at 0 h time point was set as 100% and thereafter, the percentage of normalized CELF1 protein levels versus time was plotted.
Analysis of newly synthesized protein Nascent CELF1 protein was detected by Click-iT protein analysis detection kit (Invitrogen) according to the manufacturer's protocol. Briefly, cells were incubated in methionine-free medium and then exposed to L-azidohomoalanine. After mixing of cell lysates with the reaction buffer containing biotin/alkyne reagent and CuSO4 for 20 min, the biotinalkyne/azide-modified protein complex was pulled down using paramagnetic streptavidin-conjugated Dynabeads. The pull-down material was resolved by 10% SDS-PAGE and analyzed by Western blotting analysis using the antibody against CELF1 or GAPDH. × g, 10 min), and the resulting supernatant was fractionated through a 10-50% linear sucrose gradient to fractionate cytoplasmic components. The eluted fractions were prepared with a fraction collector (Brandel, Gaithersburg, MD). The levels of individual mRNA in each fraction were quantified by real-time PCR, and their abundance represented as a percentage of the total mRNA in the gradient.
Statistical analysis
Data in the figures and text are expressed as means ± standard deviation (S.D.) of at least three experiments each performed in triplicates. Statistical analysis employed Student's t test for comparison of two means, and a one-way ANOVA for comparison of multiple groups. A significant difference between means was considered to be present when p < 0.05.
Results

Experimental LEs increases CELF1 expression and induces caspase-independent apoptosis in Caco-2 cells
Cells were treated with varying LEs for 48 hours. As shown in Fig. 1A -B, all LEs led to a significant increase in the expression of CELF1 in Caco-2 cells. Though no significant alterations in the expression of cleaved caspase-3/7 were observed, flow cytometry analysis revealed that apoptotic rate was significantly increased by treatment with varying LEs. Treatment with CHX/TNFα, which elicited obvious increase in both expression of cleaved caspase-3/7 and apoptotic rate, was set as positive control of caspase-dependent apoptosis (Fig. 1C) . Collectively, these results suggested that experimental LEs induced caspaseindependent apoptosis in Caco-2 cells, accompanied with increased expression of CELF1. 
CELF1 is specially required for OOLE-induced apoptosis in Caco-2 cells
By depletion of CELF1 with specific siRNA, rescue studies were performed to further confirm the role of CELF1 in LE-induced apoptosis. As shown, up-regulation of CELF1 induced by varying LEs was markedly attenuated by depletion of CELF1 with specific siRNA (Fig.  2A) . Depletion of CELF1 per se elicited no significant impact on apoptosis under untreated condition. However, OOLE-induced apoptosis was attenuated by CELF1 silencing, with no significant influence observed on the apoptosis induced by SOLE or FOLE (Fig. 2B) . Taken together, these results suggested that CELF1 was specifically required for OOLE-induced apoptosis in Caco-2 cells.
AIF is involved in OOLE-induced CELF1-dependent apoptosis in Caco-2 cells
Ectopic over-expression of CELF1 induces AIF-dependent apoptosis in Caco-2 cells. The pro-apoptotic role of CELF1 in Caco-2 cells was confirmed by transfection with CELF1 over-expression plasmids. As shown in Fig. 3A , 48 hours after transfection, the expression of CELF1 was obviously increased in Caco-2 cells. Notably, AIF was also obviously increased, while no significant changes in the expression of cleaved caspase-3/7 were observed. Taken together with the flow cytometry analysis which revealed a significant increase in the apoptotic rate of the cells over-expressing CELF1 (Fig. 3B) , these results suggested that AIF may be involved in the apoptosis induced by ectopic over-expression of CELF1 in Caco-2 cells. Furthermore, the expression of AIF was determined in the cells exposed to OOLE treatment and OOLE treatment in the absence of CELF1. As shown, depletion of CELF1 per se elicited no significant impact on AIF expression under untreated condition. However, it was significantly increased in the cells exposed to OOLE treatment, which was abolished by depletion of CELF1 (Fig. 3C) . Collectively, these results indicated that AIF is involved in OOLE-induced CELF1-dependent apoptosis in Caco-2 cells, instead of caspases (Fig. 3D) .
Effect of OOLE treatment on the expression and subcellular localization of CELF1
As shown, CELF1 protein levels were markedly increased on OOLE treatment in a dose-dependent manner (by approximately 1.1 fold at 0.2%, 1.6 fold at 0.5% and 2.8 fold at 1%). Since treatment with 1% OOLE elicited the most significant impact on CELF1 expression, this concentration was further used in the time course study. As can be seen, OOLE treatment time-dependently increased OOLE protein levels. Notably, OOLE-induced up-regulation of CELF1 expression was already evident at 4 hours after treatment, which suggested a rapid mechanism for CELF1 regulation responding to OOLE may exist (Fig. 4A) . Interestingly, inconsistent with the protein levels of CELF1, the mRNA levels of CELF1 were not obviously affected by OOLE treatment (Fig. 4B) . Moreover, immunofluorescence staining demonstrated that up-regulation of CELF1 expression was evident after OOLE treatment, but its predominant nuclear localization was not affected (Fig. 4C) . These results suggested that CELF1 was up-regulated by OOLE treatment in a dose-and time-dependent manner, and this regulation may occur at the post-transcriptional level.
Up-regulation of CELF1 does not involve protein degradation
As indicated in Fig. 4 , up-regulation of CELF1 by OOLE was evident only on protein levels. As elevated protein abundance could be resulted from either decrease in protein degradation or increase in protein translation, to test this, protein stability assay was performed. As shown in Fig. 5 , no significant differences in protein degradation rates of CELF1 were observed between control cells and OOLE-treated cells, suggesting that protein degradation was not involved in the regulation of CELF1 responding to OOLE treatment.
OOLE-induced regulation of CELF1 is mediated by accelerating its protein translation
To examine whether regulation of CELF1 by OOLE is mediated by enhancing its translation, mRNA distribution in polysomes and nascent protein synthesis were analyzed. As shown, though OOLE treatment did not affect global polysomal profiles (Fig. 6B) , relative distribution of CELF1 mRNA showed that the abundance of CELF1 transcripts associated with actively low-translating fractions 1-5 decreased dramatically in OOLE-treated cells compared with control, with a significant shift of CELF1 transcripts to actively hightranslating fractions 6-10. In contrast, GAPDH mRNA distributed similarly in the two groups (Fig. 6C) . Consistently, newly synthe sized CELF1 protein increased significantly in OOLEtreated cells (by approximately 2.5 fold, p<0.05), compared with control cells. No changes in nascent GAPDH synthesis were observed after OOLE treatment. Taken together, these results suggested that OOLE-induced regulation of CELF1 was mediated by directly accelerating its protein translation.
Discussion
A rodent study has recently demonstrated that TPN-associated intestinal atrophy is related to the type of LEs administrated intravenously [8] . Striking differences were noted in enterocyte apoptosis and proliferation when three commercial LEs were used, including SOLE, OOLE and SMOF (a combination of soybean oil, medium-chain triglycerides, olive oil and fish oil emulsion). Though differences in the pro-inflammatory cytokine state within the intestinal mucosa might be a reasonable explanation, the question is whether such possibility may exist that LEs directly act on enterocytes as exogenous stimuli and induce Notably, a significant increase in CELF1 (green) expression was observed upon OOLE treatment while the nuclear localization of CELF1 was unchanged. Cell membrane was labeled with E-cadherin (red). Scale bar=75 μm. Three experiments were performed that showed similar results. One of the intriguing findings in this study was the pro-apoptotic and anti-proliferative effect of CELF1 in Caco-2 cells (Fig. 3) , though it appears to prevent apoptosis and stimulate proliferation in a variety of other cell types. Our results were consistent with those previously described by Hee Kyoung Chung et al, who revealed that ectopic over-expression of CELF1 inhibited cell proliferation while knockdown of CELF1 stimulated cell proliferation in IEC-6 cells [13] . Given that both IEC-6 and Caco-2 are intestinal epithelial cells, we suppose that the function of CELF1 in enterocytes may be distinct from that in other cell types. Moreover, our results revealed that CELF1-induced apoptosis seems to be mediated via caspase-independent but AIF-dependent pathway. A number of studies have demonstrated that changes in AIF may cause DNA damage and lead to caspase-independent apoptosis, contributing to the development of various diseases [23, 24] . In this study, though it has been indicated that AIF is one of the downstream effectors of CELF1 mediating the apoptotic process, it is still not clear whether CELF1 can physically interact with AIF mRNA and posttranscriptionally regulate its expression or not. Therefore, it will be of great importance to be elucidated in future investigations.
Given that CELF1 has been confirmed as a pro-apoptotic regulator, we investigated whether CELF1 participated in the LE-induced enterocyte apoptosis. One aspect requires comment. The initial concentration of LEs used in this study was referenced to the in vitro study conducted by C. Guzy group [17] . In that study, 5% PN containing approximately 20% of lipid was used, suggesting that the final concentration of LE was approximately 1%. Therefore, 1% LE was initially used in this study. The results revealed that all of the three LEs increased CELF1 expression and induced cell apoptosis (Fig. 1) . Although surprising, only apoptosis induced by OOLE was attenuated by depletion of CELF1, suggesting CELF1 might be specifically important for OOLE-induced apoptosis (Fig. 2) . Why depletion of CELF1 was effective only in OOLE-induced apoptosis? One of the reasonable explanations is that the capacity of LEs to induce apoptosis is distinct: generally FOLE>SOLE≥OOLE, according to their direct impacts reported in previous studies [9, 10, 25] . Blocking of a CELF1-dependent pathway may be sufficient to attenuate "mild" apoptosis stimuli like OOLE, but not so that effective for "severe" apoptosis stimuli like FOLE or SOLE. Therefore, we characterized CELF1 as a potential therapeutic target against OOLE-induced apoptosis.
Furthermore, we studied the mechanism by which OOLE induced CELF1 expression. Our results indicated that a post-transcriptional mechanism may be involved in the regulation of CELF1 expression, for the protein levels of CELF1 has been already evident within four hours after OOLE treatment while its mRNA levels were unchanged (Fig. 4) . By studying polysomal profile and nascent protein synthesis, we found a significant shift of CELF1 transcripts to high-translating polysomes after OOLE treatment and a markedly increase in newly synthesized CELF1 proteins (Fig. 6 ). This rapid regulation of CELF1 suggested its capacity in triggering the apoptosis progress in the initial event responding to OOLE treatment. However, one of the limitations in this study is that the precise mechanism whereby CELF1 mediated the enterocyte apoptosis has not been fully determined. Therefore, it would be of great significance to further explore the upstream signaling pathway of CELF1, as well as its downstream targets in future studies.
In conclusion, our results suggested that OOLE-induces apoptosis in Caco-2 cells partially through up-regulation of CELF1. We are currently undertaking in vivo studies to further confirm the role of CELF1 in OOLE-induced apoptosis in enterocytes, and its contribution to TPN-induced intestinal atrophy.
